We study theoretically the light scattering from trimers of metal nanowires, with emphasis on the occurrence of multiple surface-plasmon resonances, showing that such resonances can be exploited to achieve twofold-enhanced fluorescence from a single molecule placed in the nanotrimer gaps, even if excitation and emission frequencies are separated. Pump enhancement stems from the local field enhancement coinciding with one of the resonances, whereas a strong enhancement of the radiative decay rate (and quantum yield) is revealed at a different resonance, leading to a large overall signal emission.
Metal nanoparticles exhibit a rich optical phenomenology owing to the excitation of surface-plasmon resonances (SPRs). These resonances stem from the oscillations of free electrons, inducing a dipole with a resonance frequency typically in the visible [1] . Besides larger scattering and absorption cross sections, such SPRs lead to high local field enhancements in a near-field region around the particle. In recent years, advances in nanofabrication techniques have made feasible a great variety of nanoparticle configurations, which have in turn fueled interest in surfaceplasmon localization in metal nanostructures [2] .
In this regard, if the nanoparticles present complex shapes and/or form (optically coupled) dimers, SPRs may become stronger; remarkably, extremely large near-field enhancements arise at resonance [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The concept of optical nanoantennas has been indeed coined to stress the ability of nanoparticles to convert visible light into localized electromagnetic energy and vice versa [8] [9] [10] [16] [17] [18] . Furthermore, it has been experimentally shown that spontaneous emission is substantially enhanced at resonance when the emitters are located in the antenna gap, as a result of a remarkable increase in the electromagnetic local density of states [18, 19] .
It should be mentioned, however, that in all these works a single SPR is excited either at the pump frequency or at the emission frequency, so that the resulting SPR-mediated enhancement occurs only at one of the involved frequencies [except of course in the case of surface-enhanced Raman scattering (SERS), for which the corresponding Raman shift is typically so small that both frequencies may lie within a single SPR]. In this work we propose to use metal nanotrimers, based on dimer nanoantennas with another nanoparticle of different shape orientation in between, to exploit the resulting SPRs to enhance single-molecule fluorescence. To that end, calculations of the scattering cross section of nanotrimers have been carried out that illustrate the occurrence of strong SPRs at different frequencies. Nearfield maps at resonant frequencies are shown, so that local enhancement factors can be given. Assuming that a fluorescent molecule is located nearby, the enhancement of the corresponding decay rates are investigated, along with the total enhancement of the resulting signal.
The physical system we consider is the following [see inset in Fig. 1(a) ]. It consists of three Au nanowires (two-dimensional particles, i.e., particles having a translational symmetry along one direction), placed close to each other. The nanotrimer is illuminated in the plane of the figure with a p-polarized, monochromatic plane electromagnetic wave of frequency at an angle 0 with respect to the perpendicular to the trimer axis. The polarization is defined as shown; the magnetic field for p polarization (TM) is parallel to the nanowire invariant direction. Lightscattering calculations are based on the Green's theorem surface integral equation formulation, modified to deal with surface profiles in parametric form [20] . The dielectric constant of Au is obtained from [21] .
In particular, we study the light scattering from a nanotrimer consisting of a 20 nm diameter cylinder located between two symmetrically placed triangular nanowires; each triangular cross section has a 20 nm base and 20 nm height, oriented so that the triangle base is perpendicular to the trimer axis, with the tip pointing toward the circle. The distance between the triangle tips and the cylinder is 5 nm. The electromagnetic field impinges perpendicular to the trimer axis; the corresponding scattering cross section (SCS) is shown in Fig. 1(a) , along with the SCSs of the isolated triangle and the cylinder. It is seen that the resonance of each isolated nanowire is present also in the trimer SCS, but the coupling induces both a large redshift of the triangle main resonance and a slight blueshift of the cylinder main resonance. The former redshift can be understood in terms of the hybridization [22] , or the strong coupling [6] , of bonding parallel modes; the latter blueshift is very small and indeed more difficult to interpret, since the corresponding cylinder main resonance is very weakly coupled to the adjacent triangles, as revealed below by the near-field maps. Note that all three nanowires have the same geometric cross section length ͑20 nm͒, but the SCS at the main resonance of the trimer is larger than that of the triangle main resonance multiplied by three.
In Figs. 1(b) and 1(c) we show the electric nearfield intensity maps at the two trimer resonances. For the stronger resonance at 2 Ϸ 390 nm in Fig.  1(b) , large electric field intensities appear at all triangle corners, but the bigger enhancement is observed in the two gaps between the triangle corners and the cylinder (ϳ10 4 times the incident field). This SPR is similar to that for bow-tie antennas [9, 18] , slightly shifted owing to the presence of the cylindrical inclusion. At 1 Ϸ 334 nm [see Fig. 1(c) ], on the other hand, we can see that the electric field intensity is larger inside the cylinder, indeed quite similar to the pattern associated to the isolated cylinder resonance [12, 20] . Actually, the presence of the two triangles barely alters this SPR, probably owing to the weak overlap between the near field with the triangular tips. Incidentally, higher-order multipolar resonances can be excited for single nanowires, as with the quadrupole mode of the single triangle [5] observed in Fig. 1(a) at ϳ330 nm, which could also be exploited for local field enhancement, albeit con-
The strong bow-tie-like SPR can be used to enhance inelastic optical processes with negligible frequency shift, such as SERS (or even fluorescence in some cases), both at the excitation and emission frequency. However, in the case of frequency shifts larger than the SPR half-width, or even nonlinear processes, the interplay of at least two SPRs can be exploited. In addition, the local areas where the nearfield intensity is enhanced at the two SPR frequencies should overlap. To illustrate this, let us assume that a fluorescent molecule is placed in the gap between the triangles and the cylinder, with an absorption peak at 1 and an emission band centered around 2 . If the molecule-nanotrimer system is illuminated at 1 , a pump enhancement proportional to the local field intensity ͉E͑ 1 ͉͒ 2 is triggered. The spontaneous emission at 2 is in turn driven by the bow-tie-like SPR. We calculate the modification of the decay rate in Fig. 2 where ␥ 0 = ␥ r,0 + ␥ nr,0 is the intrinsic molecular decay rate, with radiative and nonradiative components, and 0 = ␥ r,0 / ␥ 0 is the intrinsic quantum yield. In Eq.
(1), the local field scattered by the presence of the nanotrimer at the position of the dipole, E͑r 0 , 2 ͒, is numerically calculated by means of the Green's theorem surface integral equations as in [19] ; radiative and nonradiative contributions are obtained. The resulting decay rates are shown in Fig. 2 for two dipole orientations and varying positions along an arc of 90°separated 2.5 nm from the cylinder surface ( = 0°corresponds to the trimer axis). The radiative decay rate is strongly enhanced ͑␥ r / ␥ r,0 տ 300͒ when the dipole is located in the gap between the triangles and the cylinder and is oriented along the dimer axis; in contrast, the perpendicular dipole is only (weakly) enhanced at = 90°. Note that the enhancement is independent of the intrinsic quantum yield. The nonradiative decay rate is also enhanced, with enhancement factors strongly dependent on the intrinsic quantum yield. For the parallel dipole, the qualitative behavior of 1 + ␥ nr / ␥ nr,0 is similar to that of ␥ r / ␥ r,0 , with maximum enhancement at = 0°(in between the nanoparticles); nonetheless, the enhancement factors are larger the larger is 0 , reaching nearly 5 orders of magnitude for 0 = 99%. For the perpendicular dipole, the nonradiative decay rates are weakly enhanced overall and exhibit minima both at = 0°and ϳ 24°, similar to the radiative decay rate and stemming from the particular near-field pattern associated with the strong SPR.
The corresponding apparent quantum yields ϵ ␥ r / ͑␥ r + ␥ nr + ␥ nr,0 ͒ are plotted in Fig. 2(c) . For the molecules with large intrinsic quantum yields ͑ 0 =99%͒, the apparent quantum yield is typically lower than 0 owing to the increase of the nonradiative decay rate, with maxima associated basically with minima of ␥ nr / ␥ nr,0 . A similar qualitative behavior is observed, as expected, for molecules with relative large intrinsic quantum yield 0 = 40%. However, in the case of low 0 = 1%, the nanotrimer can indeed lead to a substantial increase of the apparent quantum yield, driven by the strong enhancement of the radiative decay rate. Actually, the total fluorescence enhancement can be determined below saturation through the expression [25] 
which combines the excitation enhancement through the near-field intensity at 1 , and the emission enhancement / 0 at 2 . [It should be born in mind that, for the latter expression to be applicable, the dipole position and orientation must be taken into account upon calculating ͑ 2 ͒ and ͉E͑ 1 ͉͒
2 .] The two SPRs associated with the nanotrimer give rise to enhancements both at the excitation wavelength [see Fig. 1(c) ], with nearly 1 order of magnitude enhancement, and at the emission wavelength [see Fig. 2(c) for 0 = 1%, with / 0 ϳ 30], thus leading to singlemolecule fluorescence enhancements of 2-3 orders of magnitude. This might be especially relevant for lowefficiency molecules [26] .
In conclusion, metallic nanowire trimers have been investigated, exploring the rich phenomenology associated with multiple plasmon resonances. The enhanced local electromagnetic field associated with such SPRs can be exploited to doubly enhanced inelastic and/or nonlinear optical processes. As a proof of principle, we have shown that strong singlemolecule fluorescence enhancements can be achieved with a trimer consisting of a bow-tie nanoantenna modified with a cylindrical nanoparticle in between, with straightforward implications for low efficiency emitters as in, e.g., (bio)molecular sensing or optoelectronic devices. A proper design of the nanotrimer can be exhaustively explored to maximize the twofold enhancement for the particular inelastic-nonlinear optical process of interest.
